Neisseria gonorrhoeae is naturally competent for DNA transformation. Under most conditions encountered in vivo, gonococci express one or more opacity (Opa) proteins on their surfaces. Recently, it was shown that DNA preferentially binds to the surfaces of Opa-expressing organisms compared to those of isogenic Opa-negative strains, presumably due to the numerous cationic residues in the predicted surface-exposed loops of the Opa protein. This study examined whether Opa-DNA interactions actually influence DNA transformation of the gonococcus. The data show that Opa-expressing gonococci are more efficient recipients of DNA for transformation and are more susceptible to exogenous DNase I treatment at early stages during the DNA transformation process than non-Opa expressors. Furthermore, inhibition of the transformation process was demonstrable for Opa ؉ populations when either nonspecific DNA or the polyanion heparin was used. Overall, the data suggest that Opa expression, with its presumptive positive surface charge contribution, promotes DNA transformation by causing a more prolonged sequestration of donor DNA at the cell surface, which translates into more efficient transformation over time.
The members of the genus Neisseria are naturally competent for DNA transformation, and there is considerable evidence indicating that horizontal exchange of chromosomal and plasmid DNAs occurs in these bacteria in vivo (23) . For most naturally transformable bacteria, an organism (e.g., Bacillus subtilis or Haemophilus influenzae) becomes competent in vitro through starvation and/or other manipulations of the culture conditions (14, 29) . However, the neisseriae are a little different in that competence is constitutively expressed in vitro (5) . Nonetheless, some limitations are imposed on the gonococcal transformation process, as only genus-specific DNA can be efficiently taken up into a DNase I-resistant state due to a strong preference for a specific neisserial DNA uptake sequence within the donor DNA (10, 15) . Consequently, gonococci can be transformed in the presence of excess amounts of nonspecific DNA, whereas only small amounts of neisserial DNA are required to competitively inhibit the process (8, 16) .
Studies of the mechanism of gonococcal transformation have relied heavily on the isolation of organisms with specific mutations that block some step in the transformation process. Using this approach, several gonococcal gene products that assist in the movement of donor DNA across the cell envelope have been identified. Gonococci exhibit (i) a general requirement for the presence of pili on the cell surface and Tpc protein for genetic competence (5, 13) , (ii) involvement of PilT and PilC proteins in sequestering donor DNA into a DNase I-resistant state (4, 26, 38) , (iii) involvement of ComL in the movement of DNA across the peptidoglycan layer (12) , and (iv) involvement of ComA in transporting donor DNA across the cytoplasmic membrane (11) . Furthermore, it has been shown that once the donor DNA has translocated into the cytoplasm, the RecA protein facilitates its incorporation into the host chromosome (21) . Recently, the RecBCD recombination pathway was also shown to be involved in the transformation process (24) . However, unlike all other organisms, gonococcal recD mutants are not hyperrecombinogenic for DNA transformation (6) .
For most DNA transformation systems, uptake of donor DNA into a DNase I-resistant state is generally considered to be the first step in the process. However, prior to this uptake is the actual recruitment of donor DNA onto the bacterial cell surface, and very little is known about the bacterial surface component(s) that participates in this early step. However, when considered simplistically, it would seem that any surface component that could contribute a positive surface charge should be a candidate for an electrostatic attractant of donor DNA (a complex polyanion) to the bacterial cell surface.
Gonococci may provide an ideal model system to test this hypothesis (as well as explore the more general hypothesis that changes in cell surface charge can influence the biological properties of an organism) because, under most conditions encountered in vivo, gonococci express a unique group of proteins on their cell surfaces (the opacity [Opa] proteins) (9, 19, 20, 34) that theoretically should endow the organism with a positive cell surface charge. Colonies of cells expressing Opa protein display increased opacity when viewed under a phasecontrast microscope (30, 31) . Moreover, the Opa proteins belong to a complex multigene family (3) and are one of three gonococcal surface constituents that vary in vivo (20, 34, 35) . However, the unique feature of Opa expression that is pertinent to this study is that secondary structural algorithms of their predicted primary polypeptide sequences indicate that their surface-exposed segments should contain an excess of positively charged amino acids (3, 32) . Consequently, if Opa expression does endow the organism with a positive cell surface charge, then Opa protein may preferentially attract complex polyanions (such as DNA) to the cell surface. This apparently is the case, as immobilized Opa proteins are able to bind radiolabelled DNA in a blot format, as well as promote DNA accretion in situ on intact bacteria (32) . Furthermore, the endowment of a positive cell surface charge through Opa expres-sion is further indicated by the results of physical studies that examined the relative electrophoretic mobility of Opa-expressing gonococci (32) .
In this study, I examined whether Opa-DNA interactions actually translate into an enhanced transformation phenotype for the gonococcus. The data show that Opa expression invariably correlates with an increased transformation efficiency. Moreover, by growing gonococci under conditions in which binding of nonspecific polyanions to the cell surface is limited, then the DNA transformability of the organism is significantly enhanced, with transformation now being inhibitable by nonspecific DNA and/or the complex polyanion heparin. Overall, the data suggest that the elaboration of a specific cell surface charge may indeed influence a basic biological function of the gonococcus.
MATERIALS AND METHODS
Strains. Three isogenic series of Neisseria gonorrhoeae MS11 that expressed various Opa proteins in different pilus antigenic backgrounds were used (the different pilus backgrounds reflect pili of differing antigenic composition due to the expression of different pilin polypeptides from the following N. gonorrhoeae MS11 pilE alleles: pilE7302 [2] , pilE3 [18] , and pilE6 [18] ). All presented a LosB phenotype as defined by their reactivity to a LosB-specific monoclonal antibody (7) . The majority of the experiments reported herein utilized bacteria expressing OpaA in a pilE7302 background due to the distinctive morphologic features of the colonies of such organisms, which allowed easier monitoring, by phasecontrast microscopy, for maintenance of the appropriate phenotype. The various isogenic Opa variants were derived by plating a single colony on solid medium and identifying opaque variants by phase-contrast microscopy. Each Opa variant was passaged once prior to typing against known standards by immunoblotting with an Opa-specific monoclonal antibody (4B12) (data not shown) (33, 34 ). Gonococci were passaged daily on solid medium and incubated at 37°C in a 5% CO 2 atmosphere. Liquid cultures utilized the same media as described above except for the omission of agar or agarose. When gonococci were grown in HEPES-buffered liquid medium, IsoVitaleX was also omitted.
DNA transformation. High-cell-density transformations were performed essentially as described by Seifert et al. (27) . Briefly, piliated gonococci were swabbed from plates and resuspended to an approximate initial density of 10 8 cells per ml in liquid GTM medium. DNA was added to the cell suspension at a concentration of 1 g/ml, and the suspension was incubated for 20 min at 37°C prior to being diluted 1:10 with prewarmed medium; the cells were then incubated for a further 5 h prior to being plated on selective medium. Low-celldensity DNA transformations were performed as follows. Single colonies from an 18-h culture were lifted from their respective plates with sterile pieces of Whatman no. 3 filter paper, and the cells were resuspended in 1-ml volumes of liquid medium containing 10 mM MgCl 2 (average density, approximately 1 ϫ 10 6 to 5 ϫ 10 6 cells/ml). Unless otherwise indicated, cells were then incubated for 5 h at 37°C with MS11 chromosomal DNA (1 g/ml) carrying either a pilE::cat drug resistance marker or a point mutation that conferred resistance to rifampin prior to being plated on selective medium (agar-based GTM containing chloramphenicol [10 g/ml] or rifampin [10 g/ml]). Conducting the experiments under low-cell-density conditions allowed (i) the number of colony-forming units to increase over time to various degrees depending on which Opa protein was being expressed and (ii) maintenance of Opa expression throughout the entire experiment. Therefore, when comparisons are made between Opa ϩ and Opa Ϫ culture transformation efficiencies, only the results of experiments performed with equivalent cell densities are compared. For mixing experiments, both cell types were mixed prior to the addition of the donor DNA.
For transformations performed in the presence of competing DNA or heparin, herring sperm DNA or a sodium salt of heparin (Sigma, St. Louis, Mo.) was present in the transforming medium at all times. For transformations performed in the presence of DNase I (molecular biology grade; United States Biochemicals), 1 U of enzyme was added at various times after the addition of the donor DNA. Under these conditions, the presence of DNase I in the culture did not impede growth (data not shown).
The data are presented as means of values obtained from experiments performed on the same day. There were day-to-day variations in the absolute values obtained; however, the trends as reported were consistent over many reiterations of the experiment. Total colony counts were performed at the beginning as well as at the end of each experiment. The initial, final, and transformant (i.e., those organisms that grew on selective plates) populations were also scored microscopically for the percentage of Opa ϩ colonies in the culture. Because gonococcal populations do not exhibit 100% competence (5), the degrees of competence exhibited by the Opa ϩ and Opa Ϫ cultures were determined by using the method of Goodgal and Herriot (14) . Briefly, two unlinked markers (pilE::CAT and rif) were used, and the actual frequency of double transformation to chloramphenicol and rifampin resistance was compared to the expected frequency (i.e., the product of each individual frequency) by using the formula f ϭ N 1 ϫ N 2 /N D ϫ V, where f is the fraction of bacteria that are competent; N 1 , N 2 , and N D are the number of transformants transformed to chloramphenicol resistance, rifampin resistance, and both, respectively; and V is the number of bacteria.
The percent error factor presented in Table 1 , which assesses whether clumping of bacteria following plating on selective and nonselective media had a significant impact on the procurement of the data, was calculated as follows. In any given population of bacteria, the overall transformation frequency is the sum of the individual subpopulations' transformation frequencies (for our purposes, the transformation frequencies of the Opa ϩ and Opa Ϫ populations). To obtain each subpopulation's transformation frequency, the final and transformant populations were scored microscopically to determine the percentages of Opa ϩ and Opa Ϫ colonies (on the basis of opacity differences) that were present, which then allows each subpopulation's transformation frequency to be calculated. Therefore, comparison of the overall transformation frequency (which is obtained without regard to phenotype) to the value obtained by summing the individual subpopulations' frequencies (which requires two microscopic evaluations; if clumping is a factor, then this value should be noticeably different from the overall frequency determined without regard to phenotype) gives an indication of the degree of error between the two computations. Strong concordance between the two values would indicate little effect of clumping with respect to plating in these experiments.
Statistical analyses utilized Student's t test. Preparation of donor DNA. Donor DNA was prepared as described by Ausubel et al. (1) , using 10% CTAB (cetyltrimethylammonium bromide; United States Biochemical Corporation). Precipitated DNA was washed in 70% ethanol, dried, and resuspended in Tris-EDTA buffer (pH 8). 
RESULTS
Opa protein expression leads to elevated DNA transformation rates. Swanson's data (32) strongly suggest that Opa expression promotes the binding of exogenous DNA to the cell surface. Therefore, I examined whether these presumptive Opa-DNA interactions actually influenced the gonococcal transformation process. An arbitrary isogenic series of Opa ϩ and Opa Ϫ bacteria was established in an MS11 pilE7302 genetic background, and the transformation rates of variants that either expressed no Opa or expressed OpaA, OpaF, OpaH, or OpaI were compared. High-cell-density transformations (27) were performed in PO 4 2Ϫ -buffered medium (pH 8), and, irrespective of which Opa protein was being expressed, transformation frequencies for the Opa ϩ cultures were consistently elevated compared to those of the isogenic Opa Ϫ control (Table 1). When genetic competence of the population was measured (by the method outlined by Goodgal and Herriot [14] ), Opa expression also correlated with increased competence (Opa-negative cultures exhibited 10% competence, OpaA cultures demonstrated 42% competence, OpaH cultures showed 20% competence, and OpaI cultures demonstrated 30% competence).
During each transformation experiment, each population (i.e., the initial, final, and transformant populations) was examined by phase-contrast microscopy to assess the phenotypic quality of the bacteria (i.e., whether Opa expression was maintained throughout the entire experiment). The microscopic analysis revealed considerable Opa heterogeneity in all populations (Table 1) . Consequently, it was concluded that the overall transformation frequency was actually the sum of two individual subpopulation frequencies (i.e., one subpopulation being Opa ϩ and the other being Opa Ϫ ). When transformation rates for each subpopulation were independently assessed (by microscopically determining the percentage of Opa-negative bacteria within the culture on the basis of opacity), it became apparent that the subpopulations exhibited different transformation rates (Table 1) , with the Opa ϩ subpopulations consistently demonstrating higher relative transformation frequencies than their corresponding Opa Ϫ subpopulations. In addition to the observed Opa heterogeneity, it also became apparent that considerable cell lethality was associated with transformations performed at high cell densities. This was particularly pronounced with Opa ϩ cultures, for which cell lethality ranged from 10 to 95% depending on the initial Opa phenotype (data not shown). However, cell lethality was not specifically associated with Opa expression, as Opa-negative cultures also showed comparable declines in viability, thus confirming a previous report that described similar culture lethality (5). Moreover, cell lethality and Opa heterogeneity occurred irrespective of (i) which Opa was being expressed, (ii) the presence or absence of pili on the cells, (iii) medium composition, (iv) pH, and (v) the presence or absence of different cations, and they occurred with cells carrying either the recA or dud-1 mutation (data not shown).
Culture conditions influence transformation efficiency. The considerable Opa protein heterogeneity and the precipitous declines in cell viability which were observed when traditional transformation protocols were employed necessitated the development of new regimens in which lethality and clumping of bacteria were kept to a minimum. Studies of colloidal suspensions have long dealt with problems associated with clumping of particles (17) . Therefore, by equating bacteria in solution to simple particles in solution, the basic principles of colloidal chemistry were applied in an effort to overcome the problems associated with bacterial cell clumping (17) . In a similar vein, it was also reasoned that some of the observed effects regarding Opa-expressing cultures might reflect the presence or absence of various polyanions in the solid medium (e.g., polysulfated anions, which are a component of agar) which, when bound at the cell surface, masked or modified some cell surface component(s) being expressed. Consequently, culture conditions were optimized with respect to (i) the cell density at which the transformation reactions were performed (this modification eliminated density-dependent cell lethality over time [cultures now grew] and tempered the effects of clumping [when starting cultures were initially assessed by Gram staining] [data not shown]) and (ii) the composition of the medium used for the propagation of bacteria prior to and during the transformation assay. Scanning electron microscopy (data not shown) indicated that the cellular integrity of OpaA-expressing bacteria was best maintained when bacteria were propagated on a HEPES-buffered, agarose-based medium prior to undergoing transformation in HEPES-buffered liquid medium in the absence of any supplement; optimum cell densities were in the range of Յ10 6 CFU per ml (which necessitated the performance of single-colony transformations). Overall, these newly defined conditions allowed (i) OpaA-expressing bacteria to remain viable (immediate [i.e., Ͻ5 min] density-dependent cell lysis was reduced to a minimum [Ͻ5%]), (ii) an increase in CFU over the course of the experiment, (iii) direct comparison of isogenic Opa ϩ and Opa Ϫ colonies lifted from a single streak, and (iv) maintenance of the Opa and pilus phenotypes in all relevant populations (i.e., initial, final, and transformant).
Using these newly defined conditions, the transformation efficiencies of OpaA and Opa Ϫ isogenic pairs were then compared over a range of donor DNA concentrations, and it was found that OpaA-expressing bacteria were more efficient at transformation than their Opa Ϫ counterparts at all donor DNA concentrations tested (Fig. 1) , with saturation of the transformation process for OpaA-expressing bacteria occurring when the donor DNA concentration exceeded 5 g/ml. Moreover, the data indicated that OpaA's effect on transformation was more pronounced at low donor DNA concentrations (between 5 and 100 ng of donor DNA), which was likewise manifest during mixing experiments using low donor DNA concentrations, when OpaA and Opa Ϫ bacteria had to actively compete for uptake of the genetically marked donor DNA (at 5 ng of donor DNA, P Ͻ 0.05; at 20 ng of donor DNA, P Ͻ 0.02 [n ϭ 6]) (Fig. 2) .
Opa expression increases the susceptibility of in situ-bound DNA to exogenous DNase I treatment. If donor DNA does preferentially bind to the cell surface of Opa-expressing bacteria, then such in situ-bound DNA should be susceptible to DNase I hydrolysis during a transformation reaction and Opaexpressing bacteria should exhibit a higher level of sensitivity than Opa Ϫ bacteria. To test this possibility, single-colony transformations were performed with isogenic, piliated, PO 4 2Ϫ -buffered-agar-grown OpaA and Opa Ϫ bacteria, with 1 U of DNase I being added 20 min following the addition of the genetically marked donor DNA (DNase I was present throughout the remainder of the experiment and was not detrimental to bacterial growth). The results (Table 2) showed that OpaAexpressing bacteria underwent transformation at significantly higher rates than isogenic Opa-negative cultures (in the absence of DNase; P Ͻ 0.001, n ϭ 15) and that OpaA-expressing gonococci were more susceptible to the in vitro effects of DNase I hydrolysis than the Opa-negative control during transformation (Table 2) . Therefore, these data genetically confirm previous physical observations (e.g., the binding of nonspecific DNA to Opa proteins immobilized on nitrocellulose and differences in electrophoretic migration of whole cells in an ap-plied electric field [32] ) that Opa proteins expressed in situ can indeed bind exogenous DNA.
However, the growth medium's effect on transformation was noticeable in this aspect of the study, because when bacteria were grown on a PO 4 2Ϫ -buffered, agarose-based medium prior to transformation in broth medium, both Opa-negative and Opa-expressing bacteria showed equal susceptibilities to DNase I hydrolysis (Table 2) . Furthermore, accompanying this change in DNase I susceptibility was an increase in transformation efficiency for both Opa-negative and OpaA cultures (again, in the absence of DNase, OpaA-expressing bacteria underwent transformation at significantly higher rates than Opa-negative cultures; P Ͻ 0.001, n ϭ 15). Yet, despite this common upward trend in transformation efficiency for both types of bacteria, the effect of growth on agarose-based medium on transformation still remained more pronounced for OpaA-expressing organisms than for the corresponding Opanegative culture (i.e., a 2.93-fold relative increase compared to a 1.8-fold relative increase in transformation efficiency, respectively, in the absence of DNase I). Therefore, these observations indicate that culture conditions can have a profound effect on the transformability of the gonococcus.
Pilus antigenic composition has little effect on the Opa transformation effect. Gonococci expressing differing pilin polypeptides (the different pilins tested were expressed from the following genes in an MS11 background: pilE7302, pilE3, and pilE6) were used to determine whether the elevated-transformation phenotype associated with Opa expression occurred independently of the antigenic composition of the pilus organelle. The data presented in Table 3 show that in most cases, transformation rates of OpaA-and OpaI-expressing bacteria were higher than those of isogenic Opa-negative control strains derived from a common bacterial streak, irrespective of which pilin was being expressed. However, from the data it is apparent that certain pilus-Opa configurations occasionally influence transformation of the gonococcus, perhaps by presenting different molecular arrays at the cell surface. For example, when gonococci expressed the pilE3 allele, coexpression of OpaA did not significantly elevate the transformation efficiency compared to that of its isogenic Opa-negative control strain (Table 3) . Analysis of the predicted primary amino acid sequence of the pilE3 pilin indicates that it contains numerous cationic residues (18) . Consequently, the pilE3 Opa-negative strain may have an artificially high transformation frequency that masks OpaA's effect. Consistent with this viewpoint is the finding that pilE3 Opa-negative cultures are more efficient at transformation than are bacteria expressing the pilE7302 allele (mean transformation frequencies Ϯ standard errors, 1.34 ϫ 10 Ϫ2 Ϯ 0.05 and 7.74 ϫ 10 Ϫ3 Ϯ 0.27, respectively; P Ͻ 0.05, n ϭ 20).
Preferential inhibition of transformation of OpaA-expressing gonococci with nonspecific DNA and heparin sulfate. Since nonspecific DNA binds to immobilized Opa proteins in a blot format (presumably due to the excessive number of positively charged amino acids found within their primary polypeptide sequences [3, 32] ), Opa-mediated effects on transformation should also be inhibitable with nonspecific polyanions. This was tested by performing transformations in the presence of increasing amounts of either nonspecific herring sperm DNA (Fig. 3A) or the polyanion heparin (Fig. 3B) . In both sets of experiments, transformation of OpaA-expressing bacteria was inhibited by the competing polyanion whereas the nonspecific polyanions had less of an impact on the transformability of the Opa-negative culture. Therefore, these observations further indicate that OpaA-expressing bacteria can preferentially bind polyanions at the cell surface. However, the effects of the two polyanions were noticeably different; the presence of the nonspecific DNA appeared to simply competitively inhibit the Opa-dependent increase in transformation, whereas the presence of heparin may well have blocked some aspect of DNA uptake in Opa-expressing cells by causing the transformation efficiency of heparin-treated Opa-expressing bacteria to noticeably lag behind that of comparably treated Opa-negative cultures (compare the effects of the supplemented polyanions on the Opa transformation efficiency of OpaA-expressing bacteria relative to those of the Opa-negative culture [ Fig. 3]) . The basis for the latter observation is currently being investigated.
Expressed Opa increases the transformation efficiency by sequestering donor DNA at the cell surface for extended periods of time. The results presented in Table 2 indicate that under low-cell-density conditions many transformants actually arise from donor DNA that makes the transition into a DNase I-resistant state only following a considerable period of incubation (Ͼ20 min) with the bacteria. To test the relative rates of donor DNA uptake into a DNase I-resistant state, a kinetic analysis was performed with HEPES-buffered (pH 8)-agarosegrown bacteria, in which 1 U of DNase I was added at various time points following addition of the donor DNA. The data presented in Fig. 4 compare the transformation frequencies that were obtained at the various time points following DNase I treatment against the frequency obtained for the non-DNase I-treated control, and they show that (i) at short incubation periods, Opa Ϫ cultures are more efficient at sequestering donor DNA in a DNase I-resistant state than the corresponding OpaA-expressing cultures; (ii) over extended incubation periods, OpaA-expressing organisms overcome the barrier of uptake into a DNase I-resistant state; and (iii) a larger proportion of OpaA transformants are derived from donor DNA that is sequestered in a DNase I-resistant state at later time points during the reaction than are derived from donor DNA that is taken up at earlier time points. Therefore, these data indicate that the basis for the effect of Opa proteins on transformation is a prolonged sequestration, at the cell surface, of donor DNA, which over time eventually makes the transition into a DNase I-resistant state.
DISCUSSION
The data presented here demonstrate that when gonococci express Opa, they are more efficient at DNA transformation than they are in the Opa Ϫ state provided that the (presumptive) surface-exposed cationic groups on the Opa proteins are not masked through the accretion of nonspecific polyanions. The fact that this Opa-mediated effect was inhibitable by both nonspecific DNA and heparin indicates that the basis for the elevated transformation rates lies to some degree with the higher positive cell surface charge afforded by Opa expression. However, the noticeable difference in the inhibitory effects of nonspecific DNA and heparin indicates that the effect of Opa protein expression may not be simply electrostatic but may also result in movement of DNA across the outer membrane.
Aqueous suspensions of bacteria have long been known to exhibit strong induced dipole moments when placed within an electric field. From initial attempts at studying the electrostatic properties of the bacterial cell surface, it was concluded that cell surface charge is moderated through the adsorption of counterions (25) . However, the application of electrophoretic analysis to the study of physical effects at the bacterial cell surface was limited, to some degree, by a lack of knowledge of the actual molecular components that were present at the cell surface. Generally, assumptions were made concerning the three-dimensional array of specific surface components, with few studies providing direct physical support for the various contentions by using intact organisms. Recently, electric light scattering, in conjunction with changes in electrophoretic mobility, has proven to be a potent tool for studying the electrostatic properties of the gonococcal cell surface in intact organisms (32) . Moreover, since the gonococcus changes several surface antigens (e.g., pilin polypeptide, Opa proteins, and lipopolysaccharide components [35] ), comparisons of surface charges of the different defined variants can now be readily made, allowing more precise determinations of cell surface charge differences. Consequently, by using a combination of physical techniques on a series of defined mutants, contributions of the porin polypeptide and lipooligosaccharide to the physical cell surface properties of the gonococcus were monitored with a high degree of precision at the whole-organism level (32, 36) . Moreover, these types of studies indicated that the expression of Opa proteins by gonococci also impacted the charge distribution at the cell surface, apparently causing the organisms to preferentially bind exogenous DNA (32) .
This study investigated whether changing the presumptive electrostatic composition of the gonococcal cell surface through the expression of Opa proteins actually influenced a basic biological property of the organism, namely DNA transformation. From the data presented, it is evident that Opa expression clearly correlates with enhanced transformation efficiency. However, culture conditions had a noticeable impact on the analysis, requiring the development of transformation regimens that did not overly impinge on the innate physical properties of the gonococcal cell surface. Early on it became apparent that when transformations were performed under high-cell-density conditions, two distinct subpopulations arose (to various degrees) within an Opa ϩ culture (i.e., Opa ϩ and Opa Ϫ bacteria). Consequently, it was realized that each transformation frequency actually represented a composite value that was determined by the relative contribution of each subpopulation to the overall transformation frequency (Table 1) . In addition, high-cell-density Opa ϩ and Opa Ϫ cultures were especially prone to undergo cell lysis (which ranged from 10 to 95% depending on the starting cell density), which had the effect of masking the charge contributions of the Opa proteins (presumably due to chromosomal DNA, released from lysed sibling cells, sticking to the cell surface). Furthermore, under these conditions, one could not confidently eliminate the impact of bacterial clumping on the observed elevation in transformation frequency. Nonetheless, these early studies, performed under nonoptimal conditions, consistently showed that Opa expression somehow contributed to an enhanced-transformation phenotype. When different transformation regimens were implemented (especially growth of bacteria on agarosebased medium prior to transformation), many of the difficulties associated with the early experiments (e.g., culture lethality, Opa protein heterogeneity, and cell clumping) were successfully overcome, with the new conditions allowing both Opa ϩ and Opa Ϫ cultures to grow during the course of the experiment. Accordingly, transformation rates increased, with Opaexpressing cultures showing significantly higher rates (P values of Ͻ0.001) ( Table 2 ) than Opa-negative cultures. Furthermore, under these newly defined conditions, transformation of OpaA-expressing bacteria was now inhibitable by nonspecific DNA present within the transformation menstruum.
Overall, the data support a two-step model for conversion of donor DNA into a DNase I-resistant state with its subsequent translocation across the cell envelope. In this model, the elaboration of a positive cell surface charge through Opa expression causes an initial tight binding of donor DNA at the cell surface (step 1), which impedes the rapid transition of the bound DNA into a DNase I-resistant state (step 2). Therefore, by tightly binding the donor DNA at the cell surface, Opa protein expressed there effectively increases the relative donor DNA concentration at the cell surface over time by significantly decreasing the off rate (i.e., for the on/off rate constants, k 1 ӷ k Ϫ1 ). In contrast, binding of donor DNA to the cell surface in Opa-negative cultures is probably in equilibrium, with a significant off rate (i.e., k 1 Ϸ k Ϫ1 ). Therefore, for Opaexpressing organisms, by effectively increasing the substrate concentration over time, this property overcomes the slower kinetics of transition into a DNase I-resistant state, which eventually translates into more donor DNA being translocated into the cytoplasm, resulting in more efficient transformation.
The fact that nonspecific polyanions in the transformation reaction mixture could impact the transformation efficiency of Opa-expressing bacteria may have important ramifications with respect to the horizontal exchange of DNA at the mucosal surface. In vivo, gonococci are predominantly Opa ϩ (9, 20, 34) and are likely bathed with mucosal secretions which will include heparin (22) . Furthermore, with the onset of neutrophil infiltration, gonococci will also encounter a potent DNase (S. A. Hill and W. Shafer, unpublished observation). Therefore, the data suggest that Opa expression may actually hinder horizontal transmission at the mucosal surface because it results in the maintenance of gonococcal transforming DNA in a more DNase I-susceptible state for longer periods of time, as well as allowing competitive inhibition by components within mucosal secretions and nonspecific human chromosomal DNA that is released from damaged epithelial cells and/or polymorphonuclear leukocytes. Therefore, a more protective physical role can be envisaged for Opa-DNA interactions in vivo, which may help gonococci survive within the harsh chemical environment that is likely to be encountered on an inflamed mucosa. Such a survival strategy may not be unique to the gonococcus. Much of the pathology associated with the disease cystic fibrosis is caused by the persistent colonization of Pseudomonas aeruginosa within viscous purulent lung secretions, of which DNA is a major component (28) . Therefore, perhaps binding of DNA to the cell surface of mucosal pathogens represents a common survival strategy for this unique group of pathogens. 
